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Abstract 
Injection of CO2 into subsurface formations is one of key technologies for reducing greenhouse gas emissions. 
However, the injected CO2 could cause migration of subsurface substances, volatile organic contaminants, for 
example, which may threat ground water system seriously. Mass transfer of volatile organic contaminants moving 
into CO2 phase through interfaces is one of fundamental problems of safety assessment and risk analysis in CO2 
sequestration. In this paper, we proposed a method to calculate mass transfer coefficients of the volatile contaminant 
moving into CO2 phase by defining a length of interfacial mass transfer region, IMTRL , on the basis of the interphase 
mass transfer characteristics of oil volatilization in CO2-brine-oil three phases in porous media. The calculation 
results were compared with the results obtained by numerical simulations. The calculation results show that the 
lumped mass transfer coefficient gK  ranges from 
710  to 210 1/s, and the mass transfer coefficient naK  ranges from 
610  to 110  1/s. By using the proposed method, the interphase mass transfer coefficients for the CO2-brine-oil three-
phase system can be readily obtained without the specific interfacial areas between multiple phases known. 
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1. Introduction 
Carbon capture and storage (CCS) is considered one of the most promising techniques for reducing 
greenhouse gas emissions. CO2 storage in deep saline aquifers, depleted oil and gas reservoirs and 
uneconomical coal beds has aroused widespread concern [1]. In particular, CO2 injection into the depleted 
oil or gas reservoirs can not only store CO2 considerably, but also can effectively enhance oil or gas 
recovery [2, 3]. However, CO2 injection will also cause migration of host substances in subsurface, such 
as brine, volatile organic compounds and heavy metal ions [4-7], which may threat the ground water 
system. The organic compounds in nonaqueous phase liquid (NAPL) have become long-term pollution 
 
* Corresponding author. Tel.: +86-29-82664752; fax: +86-29-82668789. 
E-mail address: yzliu@mail.xjtu.edu.cn. 
Available online at www.sciencedirect.com
 13 The Authors. Published by Elsevier Ltd.
l ction and/or pe r-review under responsibility of GH T
3462   Yong Yang et al. /  Energy Procedia  37 ( 2013 )  3461 – 3468 
sources to the ground water quality and surface water resource [8-10]. Injection of supercritical CO2 will 
probably aggravate the migration of volatile contaminant in subsurface. 
In fact, the target sites for CO2 storage are usually saturated porous media containing volatile organic 
compounds, which exist in oil phase or in NAPL scattering over the porous rock [11, 12]. Once injected, 
the supercritical CO2 will displace the host fluid gradually, and contact with the residual oil phase. It may 
subsequently cause the volatilization of the organic compounds into the CO2 phase. The migration of 
volatile organic contaminants is not only affected by their own volatility but also by the interaction 
between of CO2-brine-oil three-phase system. In this three-phase system, mass transfer of volatile organic 
contaminants moving into CO2 phase through interfaces between multiple phases is one of fundamental 
problems of safety assessment and risk analysis in geologic CO2 sequestration. 
In saturated porous media, dissolution/volatilization of the residual organic compounds in two phases 
has been studied in recent decades. Non-equilibrium rate control models are usually adopted in most of 
studies [13-19], in which mass flux of one component between two phases is proportional to its 
concentration difference, and the interphase mass transfer coefficient is correlated to fluid velocity, 
geometry of porous structure, state of fluids, interfacial area between phases, and et al. The mass transfer 
coefficient is generally obtained by theoretical or experimental methods [9, 20-22]. However, the 
calculated mass transfer coefficients are quite different with each other [16, 23]. On the other hand, it is, 
in fact, very difficult to quantitatively determine the effective interfacial area of interphase mass transfer 
in porous media [22, 24]. It may hamper effective calculations of mass transfer coefficient in both 
laboratory and field scale. 
As regards to interphase mass transfer of the volatilization of volatile organic contaminants into the 
CO2 phase in CO2-brine-oil three-phase system, we propose a method to calculate mass transfer 
coefficient between the volatile organic contaminant and the CO2 phase on the basis of the concept of the 
length of the interfacial mass transfer region in saturated porous media. The calculation results are 
compared with the results obtained by numerical simulations. 
2. Displacement process and volatilization of volatile contaminant in a CO2-brine-oil three-phase 
system 
The continuity equation and Darcy's law can be used to describe the displacement process of CO2-
brine-oil three-phase fluids flow in porous media. In this paper, we focus on mass transfer characteristics 
of the volatile contaminant moving into CO2 phase. when the dissolution of volatile contaminant in brine 
phase and the dissolution of CO2 in brine phase are negligible, the mass conservation of the volatile oil 
phase in porous media can be written as 
o o
g
S
J
t
          (1) 
The migration of the volatile contaminant in the CO2 phase can be described by the convection - 
dispersion equation, namely 
( )ng g n n
g g g g g
S C
C C J
t
u D        (2) 
where  is porosity of the formation; o  is density of the oil phase, kg/m
3; t  is time, s; gJ  represents 
mass flux of the volatile contaminant, kg/(m3 s); gS  and oS  are saturations of the CO2 phase and the oil 
phase, respectively; ngC  is the concentration of the volatile contaminant in CO2 phase, kg/m
3; gu  is the 
Darcy velocity of CO2 in the formation, m/s; gD  the dispersion tensor of  the contaminant, m
2/s [1, 13]. 
The mass flux of the volatile contaminant between the oil phase and the CO2 phase can be expressed as: 
( )eq ng g g gJ K C C          (3) 
or 
-o ( )
eq n
g g g g gJ k a C C          (4) 
 Yong Yang et al. /  Energy Procedia  37 ( 2013 )  3461 – 3468 3463
where eqgC  is the equilibrium concentration of volatile contaminant in the CO2 phase, kg/m
3; gK  is the 
lumped mass transfer coefficient, 1/s; gk  is mass transfer coefficient, m/s; g oa  is the specific interfacial 
area between two phases, m2/m3. With the presence of the third fluid phase, the partition of the volatile 
contaminant should be considered [23, 25]. In this context, the analysis of mass transfer process relies on 
the acquisition of the mass transfer coefficient gK , gk  and g oa  as well. 
For multi-phase fluids flow in porous media, to calculate the mass transfer coefficient, we should 
consider the influences of dissolution/volatilization at the interface and porous structure of the porous 
medium. The mass transfer coefficient in Eq.(3) is usually expressed as [13-19, 22] 
0
m
g oK k S           (5) 
where m  is a non-zero constant. 
For the mass transfer process of oil phase in CO2-brine-oil three-phase system, in contrast to a two-
phase fluids flow system, the calculation of lumped mass transfer coefficient gK  of the volatile 
contaminant should consider volume fractions between CO2 phase, oil phase and brine phase. Thus, the 
mass transfer coefficient gK  can be expressed as 
gn m
g g o
o g q
SAK k fS
V S S
        (6) 
where ngk  is the intrinsic mass transfer coefficient of the volatile contaminant, m/s; / oA V  is specific 
interfacial area of the oil phase in porous structure, m2/m3; f  is the fraction of the oil phase exposure to 
other fluid phases. It ranges from 0.01 to 0.5 [13]. We adopt 0.5 in the paper. qS  is the saturation of brine, 
which satisfies 1g q oS S S . 
In the calculation of the mass transfer coefficient, to avoid the specific interfacial area, we may re-
write Eq.(6) as 
gm
g n o
g q
S
K K S
S S
         (7) 
where naK  is the mass transfer coefficient that accounts for the geometric characteristics of fluid phases 
in porous media, 1/s. 
3. Calculation of mass transfer coefficient gK  based on a length of interfacial mass transfer region 
3.1. Definition of the length of interfacial mass transfer region 
When the supercritical CO2 is injected into formations, the volatile contaminants in oil phase will 
continuously enter into the CO2 phase until its equilibrium concentration reaches. Meanwhile, the 
saturation of the oil phase at the entrance of CO2 injection reduces gradually to a residual saturation ,o rS , 
and the saturation of the oil phase remains the initial saturation ,o inS  at the location far away from the 
injection entrance. Obviously, when the saturation of the oil phase reduces to its residual saturation, or the 
volatile contaminant in the CO2 phase reaches its equilibrium concentration, the driving force of mass 
transfer disappears. Hence, the contaminant volatilizing from the oil phase is limited to a finite region, 
which is referred as an interfacial mass transfer region (IMTR), as shown in Fig. 1. 
Thus, we definite the length of the interfacial mass transfer region, IMTRL , as: 
, ,0.99o o in o o rIMTR S S S S
L x x         (8) 
where x  represents the coordinate of a certain saturation of the oil phase in the interfacial mass transfer 
region, ,o inS  and ,o rS  are the initial saturation and residual saturation respectively. Imhoff [16] used a 
similar definition to describe behaviors of the NAPL dissolution front. In this paper, the above definition 
is used to describe the interfacial mass transfer region of the oil phase entering into the CO2 phase in the 
CO2-brine-oil three-phase system. 
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Fig. 1 Profile of the saturation of the oil phase along with distance during CO2 injection 
3.2. Correlations between the mass transfer coefficient gK  and the length of interfacial mass transfer 
region IMTRL   
For the volatile contaminant in the oil phase, if the distribution of the volatile contaminant in the CO2 
phase is known, the saturation distribution of the oil phase can be obtained through integration of Eq.(1) 
over time. Of course, the concentration distribution of the volatile contaminant in the CO2 phase must 
satisfy Eq.(2). For a one-dimensional steady-state process, the solution of Eq.(2) is in the form of an 
exponential distribution [9, 12, 26].  
Consider the variation of the interface mass transfer region with the time. The concentration 
distribution of the volatile contaminant and the saturation distribution of the oil phase can be 
approximately expressed as: 
,
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where 1  and 2  represent the characteristic coefficients of mass transfer process, respectively. Take  
Eq.(1) and Eq.(2) into account, 1  and 2  can be expressed as 
2 *
1
4 ( )
2
g g g g g
g
u u D K S K
D
      (11) 
*
2 1/K         (12) 
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, ,
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g
o o in o r
K
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. 
Based on the saturation distribution of the oil phase (Eq.(10)) and the definition of the length of 
interfacical  mass transfer region (Eq (8)), we obtain 
, ,
, ,
, ,
1 , ,
0.991 ln
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    (13) 
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The coefficient 1  can be calculated by Eq.(14) when the length of interfacial mass transfer region 
IMTRL  is known. Furthermore, the lumped interfacical mass transfer coefficient can also be obtained by 
Eq.(11) under a certain velocity of CO2 gu  and the dispersion coefficient of the volatile contaminant gD . 
That is 
22
1
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      (15) 
Specifically, if we know the relation between the mass transfer coefficient and saturations, we may 
obtain the mass transfer coefficient naK  by Eq.(7). Similarly, if the characteristics of the porous structure 
and specific interfacial areas are known, the intrinsic mass transfer coefficient ngk  of the volatile 
contaminant can be obtained by Eq.(6). 
4. Results and discussion 
The above method can be used to calculate the mass transfer coefficient gK  through Eq.(14) and 
Eq.(15). The velocity of CO2 can be obtained by the injection rate, and the dispersion coefficient can be 
obtained by ,0.66 0.43
n
g g av g gD S D u [1, 13]. Because gK  depends on the porous structure of the 
formation and the saturations, the average saturations should be used to determine the relationship 
between the mass transfer coefficient and the length of interfacical mass transfer region. That is 
,
,
,1
g avm
g na o av
o av
S
K K S
S
       (16) 
where nna g
o
AK k f
V
, , ,, 2
o in o r
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S S
S , ,,
1
2
o av
g av
S
S , and =0.5f . The coefficient of m  is 1 
and 0.87, which are the same as the values in Powers  model[13, 21] and Imhoff s model[16]. 
In order to illustrate the effectiveness of the proposed method, we conducted numerical simulations of 
multi-phase fluid displacement process to validate the calculation results. The governing equations for 
multi-phase flow system are consist of the continuity equation, Darcy equation [11, 27, 28], mass balance 
of the volatile contaminant and the convection-dispersion equation (Eq.(2)). The Brooks-Corey model is 
used to describe the relationship between the saturation and the capillary pressure [27].  
In addition, the mathematical model should also satisfy the following initial and boundary conditions, 
i.e. ,0o o intS S , ,0 1q o intS S , and 0 0
n
g t
C . The inlet boundary conditions are 
0g ginx
u u , 
0
0ng xC . The outlet boundary conditions are consistent with the geological conditions of the formation. 
In the simulations, the parameters and properties adopted are listed in Table 1. The commercial 
software package of COMSOL Multiphysics 3.5aTM was used to obtain the saturation distributions of 
each phase and the concentration distributions of the volatile contaminant. Then, the relationship of the 
mass transfer coefficient and the length of interfacial mass transfer region for the CO2-brine-oil phase 
system can be obtained. 
Table 1  Parameters and properties adopted in simulations 
Parameters and properties Value  
Operating parameters  
Intrinsic permeability /m2 2.039×10-13 
Porosity  0.30 
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Capillary entry pressure for Brooks-Corey model dp / Pa 2×105 
Pore-size distribution in Brooks-Corey model BC  2 
Injection rate ginu -1 1 
Initial saturation of oil ,o inS  0.15 
Residual  saturation of water ,q rS  0.1 
Residual saturation of oil ,o rS  0.1 
Residual saturation of CO2 ,g rS  0 
Properties  
Density of CO2 g
-3 479 
Viscosity of CO2 g  3.95×10-5 
Density of brine q
-3 1045 
Viscosity of brine q s 2.54×10-4 
Density of oil (naphthalene) o
-3 1162 
Equillibrium solubility of volatile component in CO2 
eq
gC -3 16.366 
Diffusivity of volatile component in CO2 
n
gD  / m2 s 1.2×10-8 
Fig. 2 shows relationships between , , ng na gK K k  and IMTRL  at different m . The lumped mass transfer 
coefficient gK  is calculated through Eq.(14) and Eq.(15) by a given IMTRL , the mass transfer coefficient 
naK  is calculated by Eq. (7), and the intrinsic mass transfer coefficient of the volatile contaminant 
n
gk  is 
calculated by Eq.(6). To validate the calculations, we substitute the mass transfer coefficient into the 
numerical model to verify the length of the interfacial mass transfer region. The simulation results are 
also shown in Fig. 2. 
0.1 1 10 100
10-9
10-7
10-5
10-3
10-1
10-9
10-7
10-5
10-3
10-1
 k
gn
  (
m
/s
)
K
g ,
 K
na
  (
1/
s)
LIMTR  (m)
K
g
    Eq.(15)   Simulation
K
na
   Eq.(7)     Simulation
k
g
n    Eq.(6)     Simulation
(a)   m=1
         
0.1 1 10 100
10-9
10-7
10-5
10-3
10-1
10-9
10-7
10-5
10-3
10-1
m=0.87
 k
gn
  (
m
/s
)
K
g ,
 K
na
  (
1/
s)
L
IMTR
  (m)
Kg    Eq.(15)   Simulation
Kna   Eq.(7)     Simulation
kg
n    Eq.(6)     Simulation
 
Fig. 2  Relationships between  , , ng na gK K k  and IMTRL  at different m  
The results show that the proposed method can be used to calculate the mass transfer coefficient in the 
CO2-brine-oil three-phase system. From Fig. 2 we can see that when IMTRL  is small, the calculated mass 
transfer coefficients are slightly smaller than that of the simulated values. On the other hand, when IMTRL  
is large, the calculated mass transfer coefficients are slightly larger than that of the simulated values. 
These deviations are similar in both the cases of different m . Moreover, naK  or 
n
gk  calculated in the case 
that 1m  is a little larger than that of the case that 0.87m . 
In practice, for a displacement process of CO2-brine-oil three-phase system, the length of interface 
mass transfer region IMTRL  can be obtained through Eq.(8) by using pore-scale model and visualization 
experiments [24, 29], measurements and analysis of the variation of the residual oil saturation in porous 
media by microtomography [30] or gamma rays [16], for examples. Therefore, if the length of interfacial 
mass transfer region IMTRL  is obtained, the mass transfer coefficients gK  and naK  can be calculated 
through Eq.(14) and Eq.(15). Moreover, the intrinsic mass transfer coefficient ngk  of the volatile 
contaminant can be obtained. 
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5. Conclusions 
During the injection of the supercritical CO2 into the subsurface formations, mass transfer of volatile 
organic contaminants through interfaces between multiple phases is one of fundamental problems for 
safety assessment and risk analysis in geologic CO2 sequestration. As regards to this multiphase 
displacement process in a porous medium saturated by residual oil and brine, we proposed a method to 
calculate mass transfer coefficient of the volatile contaminant moving into CO2 phase by defining a length 
of interfacial mass transfer region IMTRL , and established the quantitative relationship between IMTRL  and 
the mass transfer coefficient gK  of the volatile contaminant. 
On the basis of the interphase mass transfer characteristics of oil volatilization in the CO2-brine-oil 
phases in porous media. The proposed method can be used to calculate gK  or naK  in the CO2-brine-oil 
three-phase system in the absence of the specific interfacial areas between multiple phases in porous 
media. To validate the calculations, we verify the length of the interfacial mass transfer region by the 
numerical simulations. The results show that the lumped mass transfer coefficient gK  ranges from 710  to 
210 1/s, and the mass transfer coefficient naK  ranges from 610  to 110  1/s.  
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